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Abstract 14 
The pozzolanic potentials of three non-thermally treated, nano-montmorillonite (NMt) 15 
dispersions were investigated by a new method involving the analysis of NMt/lime putty 16 
pastes via TGA/dTG and XRD crystallographic and semi-quantitative analysis. The 17 
criterion conceived was validated at eight days and eight months and was additionally 18 
verified via the Chapelle method. The inorganic NMt dispersion showed the most 19 
pronounced pozzolanic behaviour promoting Ca(OH)2 consumption towards calcium 20 
2 
 
silicate/aluminate hydrates formation and binding behaviour. The two organomodified 21 
NMt dispersions exhibited pozzolanicity increasing with time. The results can pave the 22 
way for advances in cement science and restoration mortars development for historical 23 
structures rehabilitation, where low CO2-footprint, natural inorganic materials are a 24 
prerequisite.  25 
 26 
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1. Introduction  32 
Montmorillonite (Mt) is one of the main minerals found in bentonites, a naturally occurring 33 
clay. Mt is rich in stacks of layers/platelets held together by interlayer cations, by van der 34 
Waals forces, by electrostatic force or by hydrogen bonding inhibiting the solubility or 35 
miscibility [1]. Moreover, Mt is a 2:1 layered silicate, implying that each layer is composed of 36 
two silicon tetrahedral sheets bonding with one octahedral sheet of alumina between them. 37 
Isomorphous substitution takes place in the octahedral sheet where most hydroxyl groups are 38 
located apart from the broken sides of each particle [2]. Surface modifiers, such as quaternary 39 
ammonium salts (quats) inserted in the interlayer space can fully separate these platelets 40 
(exfoliation or if at a lower extent, intercalation), creating individual nano-thick, plate-like 41 
particles. These particles, hereafter referred to as nano-montmorillonite (NMt), can engage in 42 
chemical reactions analogous to their specific surface area.  43 
Apart from these organic modifiers, which usually cause platelet separation by cation 44 
exchange, and produce a pulverized product, Mt can be exfoliated in water in its pristine 45 
condition. In fact, even in earlier research focused on polymer-clay nanocomposites it has been 46 
stated that apart from organomodification, small additions of water were adequate for clay 47 
exfoliation [3]. Therefore, if Mt is dispersed in water, it can maintain its inorganic nature and 48 
platelets can remain dispersed with the help of inorganic surfactants. Inorganic surfactants 49 
promote the homogenous dispersion of the NMt platelets in the aqueous environment. NMt 50 
platelets dispersed in water are easier to handle compared to those in powder form, because 51 
agglomeration of particles into clusters (usually of micron scale or bigger) is avoided. In 52 
addition, NMt dispersed in water, provides greater miscibility with other cementing 53 
constituents.  54 
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The nanoengineering process of Mt layer separation and the NMt products have attracted the 55 
attention of cement scientists who seek to use the exfoliated NMt particles as a means of 56 
additional nucleation sites or nano-scale reinforcement in the hydrating cement matrix [4]. The 57 
nature, nanostructure, production methods, effect of modifiers and dispersants and the 58 
configurations of the NMt platelet separation for use as polymer nanocomposites or adsorption 59 
materials can be found in the literature [3,5–7]. However, limited research is presented on the 60 
use of NMt and this research is applied in cement binder formulations [4,8–10]. 61 
Supplementary cementitious materials (SCM) used in lime or cement mortars can be classified 62 
as (i) pozzolanic (ii) latent-hydraulic or (iii) fillers. Pozzolanic SCM are the most common. A 63 
pozzolanic SCM consists of a material rich in amorphous alumina or silica that is non-reactive 64 
with other compounds and water as is to form additional hydration products. However, in the 65 
alkaline medium created by the dissolution of calcium hydroxide in water the silicate or 66 
aluminosilicate networks break down to form calcium silicate and/or calcium aluminate 67 
hydrates. The relative pozzolanicity of a material depends on a high content of amorphous 68 
phases and a high specific surface area.   69 
With respect to pozzolanic studies on clays, at present only the pozzolanic activity of thermally 70 
and mechanically treated kaolin [2,11,12] or halloysite nanoclay particles [13] has been 71 
confirmed. There is disagreement on the pozzolanic potential of Mt with some researchers 72 
stating that calcined Mt mineral exhibits limited pozzolanic activity depending on the 73 
calcination temperature [2], while others claim that natural and calcined Mt contribute to 74 
pozzolanic reactions [14]. That is to say, Mt so far has only been investigated in its calcined 75 
form. However, the high temperatures involved for calcinations increase the CO2 footprint of 76 
the material. With the evolution of nanotechnology, which allows us to manipulate matter at 77 
levels slightly above the atomic, another option rather than calcination arises; the 78 
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nanomodification of Mt, i.e. the breaking of the forces holding its platelets together so that the 79 
nanoplatelets will then be individually available for reactions, as explained above. With respect 80 
to NMt, the incorporation of Cloisite30B to waste glass powder cement mortars exhibited 81 
enhanced pozzolanic reactivity leading to improved mechanical properties [15]. In another 82 
study the incorporation of Cloisite30B to ordinary Portland cement showed pozzolanic 83 
potentials [16]. Still, one element of the process is to nanomodify the Mt and another part is to 84 
disperse it in water, so as to render it more compatible with binders, more easily usable with 85 
higher potentials for mass production. So far, only the authors’ team has presented research on 86 
the effect of various NMt dispersions in the hydrating cement paste [4,8–10] and of this work 87 
only part of it has proven the pozzolanic potentials of the inorganic NMt dispersion in ternary 88 
Portland cement-limestone binders [8]. Therefore, although the pozzolanic contribution of NMt 89 
in cement binders has been confirmed, the pozzolanic behaviour of NMt as a raw material is 90 
yet to be scrutinized. However, given the complex nature of NMt dispersions, containing not 91 
only Mt but also modifiers and dispersing agents, a criterion taking into account the 92 
decomposition of various components within the same temperature intervals is yet to be 93 
presented. This elaborate research will provide sound calculations of pozzolanicity in more 94 
intricate matrices such as those of NMt enhanced cement binders. 95 
The currently widely used pozzolanic additions such as fly ash, are being depleted [17] and 96 
others such as silica fume are difficult to handle and increase the total cost of the binder. The 97 
abundance of bentonite in nature, from which Mt can be received, and the ease of Mt 98 
exfoliation in water in the case of inorganic dispersions [9,10], make NMt a potentially 99 
interesting alternative SCM. Furthermore, the reaction of the exfoliated platelets around 100 
hydrated Portland cement particles can enable a tortuous microcrack propagation pattern, hence 101 
providing nanoreinforcement at the nanolevel to the microlevel, as confirmed by a series of 102 
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experiments [10]. Other clays, such as metakaolin, get activated by heating above 700°C, 103 
increasing the embodied CO2 of the binder. Therefore, avoiding calcination and nanomodifying 104 
Mt, comprises a way of producing sustainable low carbon additions for the future. Given that 105 
the filler effect of Mt is confirmed [2], what remains to be assessed is the pozzolanic effect of 106 
NMt dispersions, which are easier to handle than their powder counterparts, however exhibit an 107 
inherent difficulty because of the presence of the modifier and surfactant. 108 
The depletion of natural and man-made pozzolanas and the need to lower the carbon dioxide 109 
footprint by avoiding pozzolanas produced by calcination, is calling for new materials and 110 
methods to be developed. From the above, it can be established that neither the pozzolanic 111 
activity of non-calcined NMt nor the pozzolanicity of non-calcined NMt dispersions has been 112 
examined previously. Such a discovery could be proven valuable for cement science, because it 113 
will allow the use of NMt dispersions, whose main constituent, montmorillonite, is abundant in 114 
nature and environmentally friendly, as SCM, avoiding the otherwise added environmental cost 115 
of calcination. Therefore, this research programme was designed to investigate the pozzolanic 116 
properties of two different aqueous organomodified NMt dispersions and one aqueous 117 
inorganic NMt dispersion. Characterization techniques for this standalone methodology of 118 
assessing the pozzolanic behaviour only necessitated: thermal gravimetry analysis and 119 
differential thermogravimetry (TGA/dTG), X-Ray diffraction (XRD) crystallography and 120 
Semi-quantitative analysis based on XRD at 8 days and 8 months.  121 
The application of this knowledge is suited for the characterization of NMt as a potential 122 
pozzolanic SCM can open a new horizon for the understanding of the effect and further 123 
development of nanoclays and NMt in cementitious composites and lime binders. Lastly, this 124 
study can further be elaborated for the development of new binders for cultural heritage 125 
conservation, referred to in detail in the discussion.  126 
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1. Materials and Methods 127 
1.1. Materials 128 
A commercially available lime putty was mixed at various concentrations with three aqueous 129 
dispersions of NMt as described below: 130 
 131 
 132 
1.1.1. Organomodified nano-montmorillonite dispersions (nC1 and nC2) 133 
A purified bentonite suspension [3.9% Mt and 96.1% water, Cation Exchange Capacity (CEC) 134 
105 meq/100 g], produced by Laviosa Chimica Mineraria S.p.A., was organomodified by 135 
exchange of basal metal cations with methylbenzyl di-hydrogenated tallow ammonium chloride 136 
(Noramonium MB2HT) at Lietuvos Energetikos Institutas [18] producing NMt powder, named 137 
as XDB. This organomodified powder contained approximately 43% Noramonium MB2HT 138 
bound to the Mt and comprised the base for two organomodified dispersions. This proportion 139 
was confirmed by characterization of the starting material via thermogravimetric analyses as 140 
shown in the results section. 141 
NMt powder XDB, was dispersed in water to avoid agglomeration, which would bring the 142 
material back to the micron scale. The side effect of the organomodification for cement 143 
chemistry is the creation of a hydrophobic nanocomposite, incompatible with water, causing 144 
extensive flocculation of particles, when dispersed. Surfactant technology was employed to 145 
leverage this fact and in specific: 146 
(1) 5% by mass (non-ionic) fatty alcohol and 1% by mass defoaming agent was used to 147 
create nC1 dispersion, and 148 
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(2) 5% by mass (anionic) alkyl aryl sulphonate was used to create nC2 dispersion.  149 
 150 
The NMt loading achieved for both the aqueous dispersions was 15% XDB.  151 
 152 
 153 
1.1.2. Inorganic nano-montmorillonite dispersion (nC3) 154 
The inorganic NMt powder used for the NMt dispersion is commercially available under the 155 
name DelliteHPS. It was derived from the purification of bentonite by Laviosa Chimica 156 
Mineraria S.p.A. DelliteHPS, is by nature compatible with water. However, the introduction 157 
of inorganic dispersant was necessary to overcome the electrostatic interaction of particles for 158 
high clay loading in aqueous solutions. Sodium polyphosphate was used for the dispersion of 159 
the inorganic NMt, in water. The NMt loading achieved in the aqueous dispersion was 15% 160 
HPS solids by total mass.  161 
 162 
1.1.3. Lime Putty (LP) 163 
A commercially available lime putty (LP) conforming to class CL 90 according to BS EN 164 
459-1 norm was used [19]. 165 
 166 
1.2. Methods 167 
1.2.1. Background 168 
It is acknowledged that a number of standardised pozzolanic reactivity tests are established 169 
such as the Chapelle method, Fratinni method and Strength Activity Index [20]. However, the 170 
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Chapelle method is primarily valid for calcined clays, because the consumption of calcium 171 
hydroxide is only related to the amorphous and vitreous phase of a material. To the best 172 
knowledge of the authors it has never been applied for the characterization of non-calcined 173 
NMt dispersions. Moreover, the Fratinni and Strength Activity Index method necessitate the 174 
use of cement, which is already a composite material. Therefore, for this work, an innovative 175 
method was introduced by which non-thermally treated NMt enhanced lime putty pastes were 176 
prepared, allowed to harden and examined via XRD, TGA/dTG and a semi-quantitative 177 
analysis based on XRD at an age of 8 days and 8 months. The pastes employed for the 178 
suggested method were preferred to the traditional ones for the following reasons; (i) lime putty 179 
constitutes a highly reactive binding materials in comparison to the dry powder CaO used for 180 
the Chapelle method. In addition to this, lime putty exhibits a higher specific surface area 181 
conferring not only greater reactivity but also better rheological properties particularly when 182 
aged [21,22] (ii) lime putty’s composition is simple (chemically unbound water easily 183 
separated by drying at 100°C [23]) compared to the complex chemical composition of Portland 184 
cement clinker, which is necessary for the Fratinni method and the Strength Activity Index, (iii) 185 
binary compositions allow for straight forward conclusions and (iv) such studies broaden our 186 
current knowledge on materials’ combination for historic lime mortar conservation. That said, 187 
the starting NMt powders (HPS and XDB) and two of the dispersions (nC2 and nC3) were 188 
tested with the Chapelle method for comparison and for validation of the newly introduced 189 
method. 190 
 191 
 192 
 193 
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1.2.2. Experimental Procedure 194 
The new method 195 
A reference sample of LP was prepared by vigorous whisking of the material with a pallet knife 196 
until it was homogenized. 20 g of the plain LP sample were sealed in a vial.  197 
100 g of the reference LP was dried at 60°C for 24 hours and another 100 g was dried at 100°C, 198 
to detect any differences in Ca(OH)2 or surface water content. The procedure described in [23] 199 
was followed and the relationship established between lime slaking time and amount of free 200 
water was confirmed, i.e. after 24 hours of drying immediately after slaking the amount of free 201 
water measured reached 60% by mass in accordance with BS EN 459-1 [19] and suggestion by 202 
Moropoulou et al [24] that free water content should not exceed 60% by mass. 203 
Six NMt modified lime putty pastes were prepared as shown in  204 
 205 
Table 1. The mix proportions of NMt refer to the NMt dispersion rather than NMt solids only. 206 
Materials were manually mixed due to the small quantities required, with a spatula for 1 minute 207 
and the pastes were placed in vials. All vials were immediately sealed with their cap, protected 208 
with tape and further secured in a sealed, airtight bag to avoid contact with the CO2 present in 209 
air and consequently carbonation, in order to only study the pozzolanic reaction.  210 
The only moment when the samples were in contact with air (i.e. when carbonation could have 211 
taken place by the formation of calcium carbonate), was during mixing of the pastes or during 212 
crushing or testing. Because these moments were quite limited and carbonation is a self-limiting 213 
reaction, it can be assumed that the amount of CaCO3 precipitated by carbonation is limited and 214 
can be disregarded for the 8-days-old pastes. If carbonation takes place then the hydrated 215 
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compounds (such as Ca(OH)2 and calcium silicate hydrates (C–S–H) [25]) will also have been 216 
carbonated [26]. 217 
Samples were cured for two different periods: (i) 6 days at room temperature and consecutively 218 
oven-dried for 36 hours and tested at day 8 and (ii) 238 days at room temperature and 219 
consecutively oven-dried for 36 hours and tested at 8 months (240 days). Only the LP/nC3 220 
pastes set immediately, whereas the remaining four formulations were still unhardened after the 221 
six-day period, as can be seen in Figure 1; the fact that nC3 exhibited a more pronounced 222 
binding activity could possibly be attributed to greater pozzolanicity (sample number 3 and 6 in 223 
Figure 1 and Table 1). 224 
 225 
Table 1: Composition of LP/nC1, LP /nC2, LP/nC3 pastes 226 
Sample Sample No  
in Figure 1 
LP content 
(% mass) 
Dispersion content 
(% mass) 
100% LP  100 0 
50% LP + 50% nC1 dispersion 1 50 50 
50% LP + 50% nC2 dispersion 2 50 50 
50% LP + 50% nC3 dispersion 3 50 50 
20% LP + 80% nC1 dispersion 4 20 80 
20% LP + 80% nC2 dispersion 5 20 80 
20% LP + 80% nC3 dispersion 6 20 80 
 227 
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 228 
Figure 1: Characteristics of LP/nC1, LP /nC2, LP/nC3 pastes after six days of curing and 229 
before oven-drying 230 
 231 
When the six-day period had passed, the pastes were oven-dried at 60°C for 24 hours. After 232 
oven drying was complete, the samples were crushed to powder passing through a 125 μm 233 
sieve. It should be noted that the LP/nC2 as well as the LP/nC1 were extremely soft and fine 234 
upon grinding. On the contrary, the LP/nC3 pastes were very hard to break and to grind. Ground 235 
powdered samples were poured in vials and were allowed to dry for a further 12h in a desiccator 236 
(to avoid carbonation or sample contamination) placed in the oven at 60°C.  237 
The procedure was repeated 8 months later for the study of the ageing process of the same 238 
pastes. 239 
 240 
3 6 2 5 1 4
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Validation of the new method via the Chapelle test 241 
The pozzolanic activity of the starting NMt powders [XDB (discussed in section 1.1.1) and 242 
Dellite®HPS (abbreviated as HPS and discussed in section 1.1.2)] and two of the dispersions 243 
(nC2 and nC3) were confirmed by the Chapelle test [27,28]; 1g of each sample was mixed with 244 
1 g of Ca(OH)2 and 100 ml of boiled water. The suspension was boiled for 16 h and the free 245 
Ca(OH)2 was determined by means of sucrose extraction and titration with a HCl solution. 246 
Powders of the Chapelle products were tested via X-ray diffraction and compared with raw 247 
NMt powders and dispersions.  248 
 249 
1.2.3 Analytical techniques 250 
Mineralogy was investigated via XRD and the thermal properties via TGA/dTG. The 251 
consumption of calcium hydroxide was further evaluated with the adoption of a semi-252 
quantitative method. 253 
 254 
 255 
X-ray diffraction (XRD) 256 
XRD measurements were performed using a D8 ADVANCE x-ray diffractometer with CuKα 257 
radiation. Spectra were obtained in the range 4o < 2θ < 60o at an angular step-size of 0.016° 2θ. 258 
Analysis of reflections and d-value were calculated according to Bragg’s law (nλ = 2dsinθ) 259 
[29]. WiRETM software [30] was used for mathematical curve fitting (polynomial smoothing) of 260 
the XRD diffractograms, and EVA software [31] was used to determine the mineralogy and 261 
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integrated area. The most matching compounds formed were selected based on the elemental 262 
analysis of the nano-montmorillonite dispersions [10]. 263 
Thermal gravimetric analyses (TGA)  264 
Thermal gravimetric analyses (TGA) were carried out using a Setaram TGA92 instrument. 20 265 
mg of each sample were placed in an alumina crucible and heated at a rate of 10°C/min from 266 
20°C to 1000°C under 100 mL/min flow of inert nitrogen gas. The differential thermal 267 
gravimetric (TGA/dTG) curve was derived from the TG curve. Buoyancy effects were taken 268 
into account, by correcting the curves via automatic blank curve subtraction. TG analyses were 269 
carried out on oven-dried samples instead of wet ones. This was to differentiate, at 100-140°C, 270 
between the mass loss that may be attributed to the decomposition of calcium silicate hydrate, 271 
from the mass loss that may be attributed to water evaporation from the pores of the samples. 272 
Moreover, greater convergence with XRD results can be expected if samples are in the same 273 
state. Therefore, since XRD analysis must be carried out in powders, the same state was 274 
preferred for TGA. 275 
 276 
 277 
1.2.4. Mathematical elaboration  278 
Decomposition stages of LP/nC1, LP/nC2 and LP/nC3 pastes 279 
In order for the method to yield results, the net amount of Ca(OH)2 consumed must be 280 
calculated. That is to say, the amount of NMt decomposing within the specific 281 
temperature range as that for Ca(OH)2 i.e. 400-500
oC, must be subtracted from the total 282 
mass loss recorded by applying the following formulae: 283 
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MCH = Mloss
400-500 – MNMt400-500 x (%NMt)      Equation: 1 284 
Where, 285 
MCH = Mass loss related to Ca(OH)2 286 
Mloss
400-500 = Mass loss of LP/NMt paste recorded by TG between 400-500oC 287 
MNMt
400-500 = Mass loss of dried NMt recorded by TG between 400-500oC  288 
(%NMt) = [% of NMt dispersion present in the paste (i.e. 50% or 80%)] 289 
It is assumed that the mass loss of dried NMt recorded by TG between 400-500oC is 290 
proportional to its original percentage in the mix. 291 
 292 
Accordingly, the net mass loss related to CaCO3 must be calculated by subtracting from the total 293 
mass loss the amount of NMt decomposing within the specific temperature range, i.e. 600-294 
800oC, according to the following formulae:  295 
MCC = Mloss
600-800 – MNMt600-800 x (%NMt)      Equation: 2 296 
Where, 297 
MCC = Mass loss related to CaCO3 298 
Mloss
600-800 = Mass loss of LP/NMt paste recorded by TG between 600-800oC 299 
MNMt
600-800 = Mass loss of dried NMt recorded by TG between 600-800oC  300 
(%NMt) = [% of NMt dispersion present in the paste (i.e. 50% or 80%)] 301 
As assumed above, the mass loss of dried NMt recorded by TG between 600-800oC is 302 
proportional to its original percentage in the mix. 303 
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Mass calculations 304 
For the area associated with the dehydration of Ca(OH)2 between 400
oC and 510oC the 305 
following chemical reaction applies: 306 
𝐶𝑎(𝛰𝛨)2   →  𝐶𝑎𝑂 +  𝐻2𝑂 ↑ 
The amount of Ca(OH)2 present in the paste at different ages can be computed by the 307 
stoichiometric elaboration of the mass loss results within the specific temperature range: 308 
𝑀𝑀𝐶𝐻  =  
𝑀𝐶𝐻×74.0930
18.0153
⟹ 𝑀𝑀𝐶𝐻 =
𝑀𝐶𝐻
0.243
               Equation: 3 309 
Where, 310 
MMCH = mass of Ca(OH)2 311 
MCH = Mass loss related to Ca(OH)2 measured by TGA 312 
18.0153 g/mol = molecular mass of H2O and 74.0930 g/mol = molecular mass of Ca(OH)2. 313 
Similarly, the decomposition of CaCO3 occurs between 700
oC and 810oC according to the 314 
following chemical reaction [32]: 315 
𝐶𝑎𝐶𝑂3   →  𝐶𝑎𝑂 +  𝐶𝑂2 ↑ 316 
The amount of CaCO3 present in the paste at different ages can be computed by the 317 
stoichiometric elaboration of the mass loss results within the specific temperature range: 318 
𝑀𝑀𝐶𝐶  =  
𝑀𝐶𝐶 ×100.0869
44.0100
⟹ 𝑀𝑀𝐶𝐶 =
𝑀𝐶𝐶
0.44
                Equation: 4 319 
Where, 320 
MMCC = mass of CaCO3 321 
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MCC = Mass loss related to CaCO3 measured by TGA 322 
100.0869 g/mol = molecular mass of CaCO3 and 44.0100 g/mol = molecular mass of CO2 323 
 324 
Carbonation recalculations 325 
Furthermore, the reference LP paste and all LP/NMt pastes had carbonated. As a result, the total 326 
molar mass related to Ca(OH)2 had to be recalculated: 327 
 328 
By assuming that all of this calcium carbonate (mass loss traced above 600oC) was once 329 
calcium hydroxide: 330 
Ca(OH)2 + CO2 → CaCO3 +H2O  331 
Which in molar mass terms is: 74.0930 + 44.0100 → 100.0869 + 18.0153, therefore: 332 
Mass of Ca(OH)2 that has carbonated = MMcarbCH = [MMCC] / [(100.0869 /74.0930)] = MMCC / 333 
1.35 334 
Therefore:  335 
MMtotCH = MMCH + MMcarbCH                          Equation: 5 336 
Where, 337 
MMtotCH = Total mass of Ca(OH)2 prior to carbonation 338 
MMCH = Mass of Ca(OH)2 as calculated by Equation 3 339 
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MMcarbCH = MMCC / 1.35 = Mass of Ca(OH)2 that has carbonated (i.e. mass loss traced above 340 
600oC as calculated by Equation 2 and 4) 341 
2. Results and Discussion 342 
2.1. X-ray Diffraction (XRD) 343 
The consumption of Ca(OH)2 (Portlandite or CH) by the three different NMt dispersions was at 344 
first confirmed by XRD analyses carried out at both 8-day and 8-month old powders (Figure 2). 345 
In terms of mineral and phase identification, Montmorillonite particles with 346 
different  sizes,  have been differentiated according to previous work carried out by the authors 347 
[10]. Graphs A and B identify a pick as being Mt. Diffractograms show that reflections assigned 348 
to Portlandite reduce with time. Moreover, the higher the nC1, nC2 or nC3 content the greater 349 
the Portlandite consumption. This reduction was more pronounced for nC3. In fact, in 350 
agreement with the TG analysis which follows, Portlandite almost disappeared for the 351 
20%LP80%nC3 paste at day 8, whereas for month 8 it was completely eliminated. Interestingly, 352 
nC3 showed high crystallization with montmorillonite and Portlandite reflections transforming 353 
into sodalite, calcium silicate and caresite for the 50%LP50%nC3 paste at 8 months and 354 
significant quantities of calcium aluminum oxide carbonate hydrate, a major cementing 355 
compound [33] for the 20%LP80%nC3 paste at month 8.   356 
Dispersions nC1 and nC2 exhibited similar Ca(OH)2 consumption, with nC1 being slightly 357 
more reactive towards the production of calcium-containing hydrate compounds. In fact, the C–358 
S–H is amorphous and its presence may be recorded by humps appearing between 20 and 30°2θ 359 
[2,34]. All XRD spectra of the LP/NMt pastes present such a hump approximately at 20°2θ, that 360 
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is to say, after the Portlandite peak at 18.2°2θ. In fact, for all nC2 enhanced pastes only the C–361 
S–H humps were identified and no crystal compounds were detected. 362 
Furthermore, of strätlingite [Ca2Al((AlSi)1.11O2)(OH)12(H2O)2.25] were traced for the 363 
50%LP50%nC1 paste at 8 days and quantities of C–S–H were identified for the 20%LP80%nC1 364 
paste at day 8. At this point it should be noted there has been a debate on the nature of the C–S–365 
H structure and it has recently been postulated, that although amorphous, at the nanolevel it 366 
exhibits a highly ordered structure [25]. Therefore, it is possible that even by XRD analyses, 367 
diffractions recorded as humps can assist towards the validations of such findings. After 8 368 
months, it seems that montmorillonite was transformed into Stichtite [Mg6Cr2CO3(OH)16 4 369 
H2O] for both 50%LP50%nC1 and 20%LP80%nC1 pastes. 370 
 371 
Figure 2: XRD analyses of (A) 50%LP+50%nC1/nC2/nC3 dispersions  - at day 8, (B): 372 
20%LP+80%nC1/nC2/nC3 dispersions  - at day 8, (C) 50%LP+50%nC1/nC2/nC3 373 
dispersions  - at month 8 and (D) 20%LP+80%nC1/nC2/nC3 dispersions  - at month 8 374 
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2.2. Semi-quantitative analysis based on XRD 375 
A semi-quantitative analysis was developed on the grounds of comparison of the integrated 376 
areas (wide rectangle in Figure 3) under the two adjacent reflections of Ca(OH)2 at 28.7
o2θ and 377 
CaCO3 at 29.4
o2θ. Polynomial curve fitting was performed to smoothen the XRD results and 378 
even out minor noise (as seen in Figure 3). The calcite traced in the nC3 enhanced pastes just 379 
below 30o2θ angle, is attributed to the Mg-calcite naturally present in Mt, whereas the calcite 380 
identified in nC1 enhanced pastes can be related to the high quantities of organic matter traced 381 
in the characterization of the starting nano-montmorillonite powders [9]. For the 8-month-old 382 
pastes the presence of CO3 containing compounds is typical of carbonation process [33]. The 383 
reduction of the Portlandite peak can only be compared between the same LP content pastes and 384 
no comparisons should be made between the 50% and 80% nC content pastes because the 385 
starting Portlandite (CH) is different. Therefore, for day 8, none of the 50%LP pastes showed 386 
significant reduction, whereas for the 20%LP pastes, nC3 dispersion showed the highest 387 
consumption (lowest relative peak intensity in Figure 3). Similarly, for month 8, nC3, followed 388 
by nC1, showed the highest CH consumption for the 50%LP pastes, whereas for the 20%LP 389 
pastes, CH was extinct in the nC3 enhanced pastes.  390 
Next, EVA software [31] was used for the determination of the areas under the  28.7o2θ and 391 
29.4o2θ angles’ peak. The integrated area comprises the total area under both adjacent 392 
reflections. The results of these analyses are depicted in Figure 4, with the consumption of 393 
Ca(OH)2 clearly identified particularly by nC3 enhanced pastes in both ages. It can be, hence, 394 
concluded that XRD can give an estimation on the quantities of CH and calcium carbonate 395 
present in the bulk powder sample, however a more elaborate procedure is still required in order 396 
to differentiate the performance particularly of the organomodified dispersions, nC1 and nC2. 397 
 398 
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 399 
Figure 3: Investigation of pozzolanic activity: XRD analyses of LP/nC1, LP/nC2 and 400 
LP/nC3 pastes (A) at day 8 and (B) at month 8 401 
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 402 
Figure 4: Results of semi-quantitative XRD analyses of LP/nC1, LP/nC2 and LP/nC3 403 
pastes (A) at day 8 and (B) at month 8 404 
 405 
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2.3. Thermal gravimetry 406 
First of all, the decomposition stages of lime putty were studied. Next, for the decomposition of 407 
the raw NMt dispersions data was derived from published research [9,10] and lastly, the 408 
decomposition of the NMt enhanced lime putty pastes was scrutinized and discussed. 409 
(i) Decomposition of lime putty paste 410 
All results shown correspond to pastes pre-dried at 60°C. Additionally, only the reference (pure 411 
LP) paste, was pre-dried at 60°C and at 100°C and thermogravimetrically analysed for 412 
comparison (Figure 5), as suggested by [23].  It was found that pre-drying LP at 100°C almost 413 
drained it from surface water, therefore the TGA showed marginal mass loss up to 100°C. 414 
However, slightly greater amount of surface water was lost up to 100°C on TGA for the lime 415 
putty pre-dried at 60°C, as expected. Most importantly, pre-drying at either temperature did not 416 
affect the detection of pure Ca(OH)2 content with was found to reach almost 90% by mass. In 417 
agreement with the study of [23] in which, one-month old lime putty lost free and adsorbed 418 
water (3.5%) up to 300°C, the chemically bound water (21.5%) related to Ca(OH)2 content up to 419 
550°C and mass (2.3%) related to decomposition of CaCO3 above 600°C, in this study the mass 420 
losses were recorded at similar temperature ranges and exhibited almost equal mass losses 421 
related to Ca(OH)2 and CaCO3 content, implying that the lime putty had slightly carbonated 422 
(Table 2).  423 
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 424 
Figure 5: Comparison of dTG curves of LP dried at different temperatures  425 
 426 
Table 2: dTG recorded mass loss (%) of lime putty 427 
 428 
Sample  100-
200oC 
200-
300oC 
300-
400oC 
400-
600oC 
600-
800oC 
800-
1000oC 
Dried 100% LP at day 8 0.33 20.20 3.52 0 
Dried 100% LP at month 8 0.33 21.24 1.62 0 
 429 
At day 8: 430 
(1) => MCHLP = 20.2%, therefore following equation 3: MMCHLP = 20.2/0.243 = 83.13 431 
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(2) => MCCLP = 3.52%, therefore following equation 4: MMCCLP = 3.52/0.44 = 8.0 432 
MMcarbCHLP =MMCC / 1.35 = 8/1.35= 5.93 433 
Following equation 5: MMtotCHLP = 83.13 + 5.93 = 89.06  434 
Therefore, for 50%LP: MMtotCHLP = 44.53 and for 20%LP: MMtotCHLP = 17.82 435 
Accordingly, at month 8: 436 
(1) => MCHLP = 21.2%, therefore following equation 3: MMCHLP = 21.2/0.243 = 87.24  437 
(2) => MCCLP = 1.6%, therefore following equation 4: MMCCLP = 1.6/0.44 = 3.7 438 
MMcarbCHLP = MMCC / 1.35 = 3.7/1.35= 2.74 439 
Following equation 5: MMtotCHLP = 87.24 + 2.74 = 89.98  440 
Therefore, for 50%LP: MMtotCHLP = 45.0 and for 20%LP: MMtotCHLP = 18.0 441 
 442 
(ii) Decomposition of raw nC1, nC2, nC3 dispersions 443 
The qualitative interpretation of the decomposition stages of the three raw NMt dispersions is 444 
described in an earlier paper [10].  445 
With respect to the organomodified NMt dispersions it is known that the modifier of the starting 446 
NMt powder (XDB) was intended to be fully decomposed by 500°C (resulting in a loss of 43% 447 
by mass, as mentioned in section 2.1.1 and 2.1.2). Three peaks are identified via differential 448 
thermal gravimetry analyses of nC1 and nC2 dispersions: (i) at 70°C, related to the loss of free 449 
water (ii) at 200°C assigned to the decomposition of the modifier and (iii) at 360°C assigned to 450 
loss of the modifier molecules physically adsorbed on the surface of the Mt layers with a 451 
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shoulder at around 410°C for nC1 or the main peak without any shoulders at 410°C for nC2, 452 
attributed to deconstruction of the modifier bound to the interlayer of the NMt [10].  453 
In terms of quantitative analysis of the mass losses recored during the various temperature 454 
intervals, differential thermal gravimetry analysis of nC1 and nC2 dispersion yielded the 455 
following results [35]: 456 
 457 
 458 
Table 3: dTG analysis recorded mass loss (%) of nC1 and nC2 dispersions  459 
Sample 0-
100oC 
100-
180oC 
180-
280oC 
280-
400oC 
400-
500oC 
500-
600oC 
>600oC 
Dried 100% nC1  0.68 2.63 6.73 35.34 9.48 2.17 0.00 
Dried 100% nC2  1.02 1.82 6.52 25.95 20.14 2.29 0.00 
 460 
It should be noted that for nC1 the mass loss between 280-500oC was equal to 44.8%, whilst for 461 
nC2 the mass loss between 280-500oC was equal to 46.1%. These were both slightly higher than 462 
the theoretical loss of mass of 43%. Moreover, there are traces of mass lost between 500-600oC. 463 
These mass losses can be attributed to the decomposition of the surfactants. For nC1 the 464 
surfactant and antifoam used is known to decompose below 400oC, whereas the surfactant used 465 
for nC2, the alkyl aryl sulphonate, is known to decompose at 580oC. 466 
The inorganic dispersion nC3 exhibited different behaviour, therefore the thermal 467 
decomposition involved less stages than the organomodified dispersions (Table 5). Three peaks 468 
were present; one at 85°C with a shoulder at 110°C due to the loss of adsorbed water, a broader 469 
peak at 650°C and a sharp peak at 750°C which may be attributed to the loss of structural water 470 
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– dihydroxylation of the Mt. The complete deconstruction of the Mt (loss of 4% by mass) took 471 
place between 600-800°C as also reported in literature [6,36,37]. It should be noted, though, that 472 
the dispersant used for nC3, the tripolyphosphate, also decomposes at 600oC [10]. 473 
Differential thermal gravimetry analysis of nC3 dispersion yielded the following mass losses 474 
[35]: 475 
 476 
 477 
Table 4: dTG analysis recorded mass loss (%) of nC3 dispersion  478 
Sample 0-
100oC 
100-
180oC 
180-
300oC 
300-
600oC 
600-
800oC 
800-
1000oC 
Dried 100% nC3  10.82 5.34 1.00 1.00 3.30 1.13 
 479 
(iii) Decomposition of LP/nC1, LP/nC2 and LP/nC3 pastes  480 
The pastes were thermogravimetrically analysed at 8 days and at 8 months (Figure 6). XRD 481 
analyses is required for the determination of the various compounds which decompose at similar 482 
temperature intervals.  483 
 484 
For the temperature range between 20-100°C all free water was evaporated. For the temperature 485 
range between 110-400°C: The pozzolanic reaction between lime putty and NMt dispersions 486 
produced hydrates similar to the ones found in literature for lime/metakaolin pastes; calcium 487 
silicate hydrates (C–S–H), decomposing between 110-140°C, strätlingite (C2ASH8) 488 
decomposing between 140-200°C and C4ASH13 decomposing between 200-270°C and C3ASH6 489 
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decomposing between 270-380°C [38,39]. Indeed, strätlingite and other calcium-containing 490 
hydrates were also confirmed in this research via XRD analysis. 491 
Moreover hydrocalumite a carbonate compound traced via XRD in the 50%LP50%nC3-8 492 
month-old paste, undergoes dihydroxylation between 200-400°C [40]. 493 
Furthermore, stichtite traced via XRD in the 50%LP50%nC1 and 20%LP80%nC1 -8 month-old 494 
paste, and caresite-3T (another carbonate) traced via XRD in the 50%LP50%nC3-8 month-old 495 
paste, also decomposed within this temperature range [41], although for stichtite other 496 
researchers state 550 and 670°C as the main peaks signalling its decomposition [42]. 497 
Lastly, calcium aluminium oxide hydrate carbonate mainly decomposed between 180-280°C, 498 
which justified the increased mass loss within this temperature range for the nC3 enhanced 499 
pastes [33]. 500 
 501 
For the temperature range between 400-500°C the consumption of Ca(OH)2 could not be clearly 502 
observed in the early age thermograms at day 8, analytical elaboration was necessary. At month 503 
8 all the higher nC content pastes showed pozzolanic reactivity. However, only the 504 
20%LP+80%nC3 at month 8 clearly showed extinction of Ca(OH)2 towards significant 505 
production of hydrates (Figure 6 (D) to (F)). For the remaining pastes, including all early age 506 
ones, judging whether Ca(OH)2 was consumed or not was not obvious from the thermographs 507 
because between 400-500°C two parts were decomposing towards the production of hydrates: 508 
 nC1/nC2 dispersions (containing the modifier and Mt), which fully decomposed by 509 
500°C 510 
 and Ca(OH)2 511 
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Moreover, although minor carbonation has taken place for the 8-month old samples as 512 
witnessed by the endothermic peak present at approximately 730°C, the calculation of the 513 
amount of CaCO3 produced was intricate because above 600°C three parts were decomposing: 514 
 nC3 containing the surfactant (tripolyphosphate) and Mt 515 
 calcite typically traced in montmorillonites [9] 516 
 and CaCO3 due to the carbonation of Ca(OH)2 517 
 518 
For the temperature range above 800°C, no formation of high temperature silicate minerals e.g. 519 
cristobalite, mullite or spinel was detected either at day 8 nor at month 8 via XRD analyses. 520 
Other CO3-containing compounds of the 8-month-old pastes were detected via XRD, such as 521 
sodalite, which decomposes above 840°C [43] and calcium aluminium oxide hydrate carbonate 522 
which decomposes above 800°C [33]. 523 
 524 
As a concluding remark the temperature range 400-500°C selected for assessing if Ca(OH)2 was 525 
consumed or not encompassed the decomposition of Ca(OH)2 and nC1/nC2 and the temperature 526 
range 600-800°C selected for recalculations for carbonation, encompassed the decomposition of 527 
CaCO3 (Mg-calcite and calcite) and nC3. 528 
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 529 
Figure 6: TGA for (A) LP/nC1, (B) LP/nC2, (C) LP/nC3 pastes at 8 days and (D) 530 
LP/nC1, (E) LP/nC2, (F) LP/nC3 pastes at 8 months 531 
Table 5 and  Table 7 contain the exact mass loss of the LP/nC pastes recorded at the various 532 
temperature intervals, by the TG analyser. For the net amount of Ca(OH)2 consumed up to 533 
500°C, the amount of nC1, nC2 or nC3 present must be deducted from the mass loss recorded 534 
by the TG analyser (Table 5 and  Table 7) for the decomposition of the NMt enhanced lime 535 
putty pastes within the specific temperature range. 536 
Respectively, for the net amount of CaCO3 detected due to carbonation of a part of Ca(OH)2 the 537 
amount of nC3 decomposing between 600-800°C must be deducted from the mass loss recorded 538 
by the TG analyser (Table 5 and  Table 7) within the specific temperature range. 539 
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Table 5: dTG recorded mass loss (%) of LP/nC1, LP/nC2 and LP/nC3 pastes - at day 8 540 
 541 
Sample 0-
100oC 
100-
200oC 
200-
300oC 
300-
400oC 
400-
500oC 
500-
800oC 
800-
1000oC 
Dried 50% LP + 50% nC1 0.64 1.06 2.8 10.53 13.97 5.93 0 
Dried 50% LP + 50% nC2 0.36 0.20 2.04 7.35 18.63 4.19 0 
Dried 50% LP + 50% nC3 2.34 0.60 0.56 8.88 11.73 0 
Dried 20% LP + 80% nC1 0.21 1.68 8.72 14.29 12.72 12.34 0 
Dried 20% LP + 80% nC2 0.74 0.46 3.30 15.54 16.11 6.46 0 
Dried 20% LP + 80% nC3 4.13 2.34 0.83 3.60 9.00 0 
 542 
Estimating the theoretical mass loss related to the CH required analytical calculations, presented 543 
in the appendix for the ease of the reader. The results of these calculations are compared to the 544 
recorded values by the TGA Table 6. Theoretical and experimental values corroborated well at 545 
8 days. The first column of Table 6 presents the results of MCH of the Appendix table 2. The 546 
second column of Table 6 contains the recordings for temperature range 400-500°C presented in 547 
Table 5. 548 
Table 6: Theoretical and experimental mass loss (%) of LP/nC1, LP/nC2 and LP/nC3 549 
pastes related to CH consumption - at day 8 550 
Sample Theoretically 
expected mass loss 
(%) 
Experimentally 
attained (TGA) 
mass loss (%) 
Mass loss reduction related to 
CH consumption 
50%LP+50%nC1 14.8 13.97 5.6% 
50%LP+50%nC2 20.2 18.63 7.8% 
50%LP+50%nC3 10.6 8.88 16% 
20%LP+80%nC1 11.6 12.72 - 
20%LP+80%nC2 20 16.11 20% 
20%LP+80%nC3 4.8 3.60 25% 
 551 
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Similarly, the experimental mass losses recorded at the different temperature intervals for the 8-552 
month-old pastes are presented in  Table 7 and the theoretical mass loss related to the CH 553 
(analytically calculated in the appendix) are presented in  554 
 555 
 556 
Table 8. Theoretical and experimental values corroborated well for the 50%Lp and 50% nC1 or 557 
nC2 or nC3 dispersions. at 8 months. For the higher NMt content combinations, the 558 
experimentally attained mass loss (by the TGA/dTG) was significantly greater than the 559 
theoretically expected. This could indicate a significant pozzolanic activity with increased NMt 560 
quantities, given the time. In fact, at approximately 275oC and above 455oC dehydroxylation of 561 
stichtite and caresite which were previously detected via XRD at the 8 months old samples, 562 
occurs [44]. Hydrocalumite also decomposes within 400-500oC [40]. Lastly, calcium aluminate 563 
carbonate hydrates decompose mostly at 220 oC and 260 oC [33]. 564 
 565 
 Table 7: dTG recorded mass loss (%) of LP/nC1, LP/nC2 and LP/nC3 pastes at month 8 566 
Sample 0-
100oC 
100-
200oC 
200-
300oC 
300-
400oC 
400-
500oC 
500-
800oC 
800-
1000oC 
Dried 50% LP + 50% nC1 0.83 1.55 3.71 10.93 12.47 5.57 0 
Dried 50% LP + 50% nC2 0.81 0.76 2.86 6.90 17.26 3.40 0 
Dried 50% LP + 50% nC3 5.43 2.38 2.66 9.23 2.94 0.34 
Dried 20% LP + 80% nC1 3.46 2.70 5.81 20.68 8.10 5.50 0 
Dried 20% LP + 80% nC2 10.18 1.45 4.34 14.46 11.37 4.93 0 
Dried 20% LP + 80% nC3 13.45 6.65 3.96 1.42 3.00 0 
 567 
 568 
 569 
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Table 8: Theoretical and experimental mass loss (%) of LP/nC1, LP/nC2 and LP/nC3 570 
pastes related to CH consumption - at month 8 571 
Sample Theoretically 
expected mass loss 
(%) 
Experimentally 
attained (TGA) 
mass loss (%) 
Mass loss reduction related to 
CH consumption 
50%LP+50%nC1 15.4 12.5 19% 
50%LP+50%nC2 20.7 17.3 16.% 
50%LP+50%nC3 11.1 9.3 16.8% 
20%LP+80%nC1 11.8 8.1 31.4% 
20%LP+80%nC2 20.4 11.4 44.3% 
20%LP+80%nC3 5 1.4 71.6% 
 572 
Deducting the mass loss related to the Mt decomposition from the mass loss recorded by the TG 573 
analyser required analytical calculations, presented in the appendix for the ease of the reader. 574 
The results of these calculations in terms of mass loss and molar mass are introduced in Table 9 575 
and  576 
Respectively, the experimental MMtotCH is given in the appendix, Table Ap-3. The theoretical 577 
MMtotCH is given in the appendix, Table Ap-4. 578 
Table 10. The experimental MMtotCH is given in the appendix, Table Ap-1. The theoretical 579 
MMtotCH is given in the appendix, Table Ap-2. 580 
 581 
Table 9: Results of mass loss and total molar mass of CH (MMtotCH) [equation 1-5] at day 8 582 
Sample Experimental 
MMtotCH 
 
Eq5 
CRITERION Theoretical 
MMtotCH 
 
Pozzolanic 
behaviour 
[Yes (Y)/No 
(Y)/ equal (=)] 
50%LP+50%nC1 47.85 < 60.91 Y 
50%LP+50%nC2 42.44 < 83.13 Y 
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50%LP+50%nC3 50.56 = 50.32 = 
20%LP+80%nC1 40.17 < 47.74 Y 
20%LP+80%nC2 10.94 < 82.30 Y 
20%LP+80%nC3 20.78 < 26.75 Y 
 583 
Respectively, the experimental MMtotCH is given in the appendix, Table Ap-3. The theoretical 584 
MMtotCH is given in the appendix, Table Ap-4. 585 
Table 10: Results of mass loss and total molar mass of CH (MMtotCH) [equation 1-5] at month 8 586 
Sample Experimental 
MMtotCH 
 
Eq5 
CRITERION Theoretical 
MMtotCH 
 
Pozzolanic 
behaviour 
[Yes (Y)/No 
(Y)/equal (=)] 
50%LP+50%nC1 41.18 < 63.37 Y 
50%LP+50%nC2 35.31 < 85.19 Y 
50%LP+50%nC3 37.16 < 52.41 Y 
20%LP+80%nC1 11.39 < 48.56 Y 
20%LP+80%nC2 8.29 < 83.95 Y 
20%LP+80%nC3 2.55 < 27.65 Y 
 587 
From the elaboration presented above, the complexity of assessing the pozzolanic potentials of 588 
LP/nC1 or LP/nC2 or LP/nC3 pastes is demonstrated and resolved. It can be interpreted from 589 
the TG analyses that the higher NMt concentrations at 8 months can lead to the elimination of 590 
Ca(OH)2 and that in all cases nC3 showed the highest pozzolanic activity, followed by nC2. 591 
With respect to the comparison between the performance of nC1 and nC2, it can be claimed that 592 
the better dispersed NMt particles, nC2, as tested by TGA, XRD and transmission electron 593 
microscopy imaging and crystallographic analyses [10] seem to be developing more stable 594 
bonds when participating in hydration reactions. The bulk of the material decomposes at higher 595 
temperature ranges (over 400°C) than nC1, which starts to decompose at 300°C. Possibly, the 596 
carbon molecules inserted within the platelets of nC2 that were intended to keep them apart did 597 
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not function as such, avoiding re-agglomeration of the NMt platelets. Furthermore, they 598 
possibly prevented carbonates from forming, as the LP/nC2 pastes did not show signs of 599 
carbonation at either age. On the contrary, the NMt particles of nC1, which by the 600 
abovementioned materials characterization techniques were found to be re-agglomerating and 601 
covered in an excess of organic matter [10], exhibited less stable bonds, decomposing at a lower 602 
temperature band and engaged in carbonation reactions with various carbonaceous compounds 603 
being formed. 604 
2.4. XRD analyses of raw NMt and Chapelle products 605 
The pozzolanic activity of the samples was confirmed by XRD analyses of the raw powders [9] 606 
XDB (Figure 7A) and HPS (Figure 7E) compared with their Chapelle products Chap-XDB 607 
(Figure 7B)  and Chap-HPS (Figure 7F). Most importantly the XRD analyses of the raw NMt 608 
dispersions [10] nC2 (Figure 7C) and nC3 (Figure 7G) compared with their Chapelle products 609 
Chap-nC2 (Figure 7D) and Chap-nC3 (Figure 7H), are also presented. To the best knowledge of 610 
the authors this is the first time that the Chapelle method was used for testing the pozzolanic 611 
activity of non-calcined nano-montmorillonite dispersions. The following phases were identified 612 
in the raw dispersions: montmorillonites and feldspars for nC2 (Figure 7C) and sodium calcium 613 
magnesium aluminum silicate hydrate, sodium aluminum silicate hydroxide, calcite and 614 
feldspars for nC3 (Figure 7G). The reaction of 1 g of nC dispersion with 1 g of Ca(OH)2 and 615 
100 ml of boiled water yielded sodium calcium magnesium aluminum silicate hydrate and 616 
calcite for Chap-nC2 (Figure 7D) and calcium aluminum silicate hydroxide (CASH)/katoite and 617 
saponite for Chap-nC3 (Figure 7H). Both CASH and katoite (a low silica hydrogarnet) have 618 
been identified as products of pozzolanic reactions under hydrothermal conditions [45,46]. 619 
Furthermore, according to Gameiro et al who also traced katoite in their lime-metakaolin 620 
mortars, they concluded that this phase decreases together with calcium hydroxide as the age of 621 
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the mortar advances [47]. More importantly, it has been postulated that katoite is more resistant 622 
to carbonation than other salts formed during pozzolanic reactions [48]. Lastly, it is worth 623 
noting that the nano-montmorillonite dispersions bear significant resemblance to the starting 624 
powders they emerged from. Therefore, the nano-montmorillonite and montmorillonite, 625 
feldspar, calcite and quartz detected in XDB (Figure 7A) produced a significant amount of 626 
calcite and sodium calcium magnesium aluminum silicate hydrate under the Chapelle test 627 
(Figure 7B). In fact, this result is in absolute accordance with studies on nC2 modified 628 
composite cement formulations, in which significant amounts of calcite were traced via XRD 629 
and thermal-gravimetric analyses [8]. This is one of the main reasons for which the 630 
organomodified nano-montmorillonite dispersions have been found less favourable when added 631 
to cement pastes. On the contrary, the inorganic montmorillonite HPS which contained 632 
montmorillonite, calcite, quartz, feldspar and magnesium aluminium silicates (Figure 7E) also 633 
reacted with Ca(OH)2 in boiled water, producing ample CASH and katoite, clearly showing that 634 
the inorganic montmorillonite, be it raw or dispersed, has pozzolanic properties. 635 
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 636 
Figure 7: XRD for (A) XDB, (B) Chapelle-XDB, (C) nC2 , (D) Chapelle-nC2, (E) HPS, 637 
(F) Chapelle-HPS, (G) nC3, (H) Chapelle-nC3 638 
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3. Discussion 639 
Lime putty, rich in Ca(OH)2 is a traditional building material used for centuries and still 640 
preferred to date for historic building conservation [24] particularly against Portland cement 641 
which is found in many cases highly incompatible with historic lime mortar masonry 642 
monuments [22]. However, current codes require that existing masonry structures must be 643 
retrofitted in order to withstand a combination of loads, for which increased mortar strength 644 
may offer a partial retrofitting upgrade. Given that Portland cement is avoided in historic 645 
mortar conservation, nano-montmorillonite could be used as an alternative binding pozzolanic 646 
and nanostructural reinforcing agent. Furthermore, NMt dispersions comprise even more 647 
interesting nanoreinforcement as they are easier to handle and can be more homogeneously 648 
dispersed in binders. In addition, the irreversible colloidal behaviour of lime putty has been 649 
linked to the oriented aggregation occurring during drying of the lime putty. While 650 
transmission electron microscopy imaging and crystallography support this finding, field 651 
emission scanning electron microscopy has also revealed plate-like nanoparticles of Ca(OH)2 652 
clustering up to micron-sized elements. Slaked lime putty is, therefore, postulated to be 653 
compatible in terms of micro and nanostructure with NMt particles, which when dispersed 654 
comprise of nano-thick platelets individually available for reactions [4,10].  655 
Recently published research conducted by the authors, on the nanostructure of the NMt 656 
dispersions [10] and characterization via TEM imaging and crystallography, XRD, SEM/EDX 657 
and TGA/DTG also taking into consideration results published in cement pastes [8] revealed 658 
that in nC1 the platelets were not fully exfoliated, and were possibly re-agglomerating in cement 659 
paste. This re-agglomeration increased the size of the particles to the micro-level, creating voids 660 
and allowing cracks to easily propagate in the hydrating cement pastes. It was concluded that 661 
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the surfactant used in this dispersion rendered the resulting pastes less resistant in both tension 662 
and compression. 663 
With respect to nC2, platelets were found to be partially exfoliated, with several platelets 664 
intercalated in the volume of the dispersion. Overall, NMt platelets were better dispersed in 665 
water with the use of the anionic surfactant [10], which also significantly affected the 666 
mechanical performance of the nC2 enhanced Portland-limestone pastes [8]. It was concluded 667 
that the higher energy bonds between the NMt platelets and the anionic surfactant kept the 668 
platelets apart, while not allowing their slippage and crack evolution. A tortuous crack pattern, 669 
was developed, leading to more ductile behaviour and flexural strength improvements, still 670 
presenting areas of weakness due to some agglomeration of particles. 671 
Lastly, the nanostructure of nC3 revealed exfoliated platelets, well dispersed in the volume of 672 
the paste acting as nanoreinforcement having potentials for seeding agent action. Better particle 673 
packing and increased platelets specific surface area was achieved in nC3, with NMt platelets 674 
playing the role of nanofillers. This configuration also allowed for significant inhibition of crack 675 
development, favouring flexural strength development and less brittle performance when added 676 
in binders. 677 
In this research, these three different NMt dispersions were investigated in NMt/lime putty 678 
pastes with respect to their pozzolanic potentials. It can be claimed overall that the complex 679 
chemistry involved in the production of organomodified NMt dispersions affected not only their 680 
nanostructure as postulated by earlier studies [10] but also their pozzolanic performance. 681 
Adding to this, the type of surfactant or the amount of modifier present is setting a threshold on 682 
the allowable amount of NMt in lime putty or even cement pastes. In other words, it is possible 683 
that the organomodification process either due to the high amount of carbon present in the 684 
modifier or due to the alteration of the platelet surface charge, depending on the type of 685 
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surfactant used, is not allowing nC1 nanoplatelets and some of nC2 nanoplatelets to act as 686 
nucleation agents for reactions. The quaternary ammonium salts introduced in the galleries of 687 
the organomodified NMt as well as the surfactants employed for dispersing the platelets 688 
differentiate the chemical bond strength leading to lower energy formations for nC1 but 689 
maintaining the higher energy bonds found in the raw dispersions [10],  in the NMt/lime patty 690 
pastes also for nC2 (Figure 8 (A) and(B)). This is the reason why the thermal gravimetric 691 
analyses of the LP/nC1 and LP/nC2 pastes differ, although the starting NMt powder was the 692 
same. nC1, which showed the poorest nanostructure, still exhibited some pozzolanic activity 693 
although this was challenged by the high amounts of carbon present in the sample and the re-694 
agglomeration of the platelets. nC2, showed pozzolanic activity, increasing with curing age and 695 
higher proportions of nC2. nC3 exhibited the highest and most rapid consumption of Ca(OH)2 696 
towards production of calcium silicate and/or calcium aluminate hydrates possibly due to its 697 
simpler chemistry and nanostructure. The exfoliated platelets must have been individually 698 
reactive, engaging in pozzolanic reactions as seeding agents and catalysts (Figure 8 (C)).  699 
Overall, the pozzolanic activity in terms of Ca(OH)2 consumption was more pronounced for the 700 
better dispersed NMt particles (nC2 and nC3). A qualitative interpretation of the TGA results 701 
shown is that both nC1 and particularly nC2 dispersions are forming new more thermally stable 702 
bonds in presence of Ca(OH)2 signalled by the new peaks at about 435°C. In fact, all LP/nC1 703 
and LP/nC2 pastes exhibit a two-stage decomposition with two distinct peaks at 385°C and at 704 
435°C, however the mass losses related to the peaks, shift depending on the NMt dispersion 705 
content. Therefore, the accuracy of the criterion could be challenged if the temperature range for 706 
the Ca(OH)2 consumption detection is broadened. However, the temperature range 400-500°C 707 
selected for the criterion offers a good approximation.  For this, it was postulated that inorganic 708 
NMt dispersions, show more distinct performance in terms of Ca(OH)2 consumption detection. 709 
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 710 
Figure 8: Binding properties, TGA and XRD related to nanostructure of (A) LP/ nC1, (B) 711 
LP/ nC2 and (C) LP/ nC3 pastes 712 
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Furthermore, knowing that the average amorphous Si/Al ratio of nC1 is 4.23, nC2 is 4.08 and 713 
nC3 is 2.71 [10], all three dispersions can be expected to consume Ca(OH)2 and form calcium 714 
silicate and/or calcium aluminate hydrates. Indeed, it can be argued that nC1 and nC3 produced 715 
more C–S–H, although it is acknowledged that molar calculations are difficult in this region due 716 
to the simultaneous decomposition of the modifier for nC1. Still, the carbonated hydrates traced 717 
in the 8-month-old LP/nC3 pastes reinforce this hypothesis.  718 
These results presented herein are in agreement with results presented in NMt enhanced cement 719 
pastes. Extensive TG analyses on NMt enhanced cement pastes [8], suggest that blended cement 720 
pastes containing nC3 (ternary pastes of Portland cement, limestone and NMt) exhibited greater 721 
consumption of Ca(OH)2 towards the production of additional C–S–H and ettringite, while nC1 722 
and nC2 showed similar C–S–H and ettringite production until day 90.  723 
It has been suggested the second derivate of thermogravimetric curve (DDTG) gives new 724 
possibilities for detailed investigations of overlapping decomposition mass losses [44], however 725 
the advanced mathematical elaboration involved [49] would only add to the already high level 726 
of inherent complexity and for this, such calculations were not considered in this research. 727 
Further investigation of the LP/nC1 or LP/nC2 or LP/nC3 pastes would have provided visual 728 
representation of the pastes produced. For instance, scanning electron microscopy studies would 729 
have revealed agglomerated and hydrated particles. However, this was not considered necessary 730 
for the purpose of this paper, which was purely to device a criterion by which the pozzolanic 731 
behaviour would be assessed in the complex matrix produced with the use of NMt. In fact, the 732 
already existing test methods, namely the Chapelle method, Fratinni method and Strength 733 
Activity Index have only been employed for the characterisation of calcined clays or cement 734 
pastes. The validity of the Chapelle method has been questioned for any other materials. 735 
Furthermore, due to the complex nature of the NMt dispersions, a new method should be 736 
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devised allowing for the quantification of the calcium hydroxide consumption. Although the 737 
mathematical elaboration of the results is not straightforward, still, the new method is offering 738 
more and in-depth information about the systems characterized. Lastly, given the assumptions 739 
made, the accuracy of the criterion was maintained. 740 
The criterion of the new method was verified through a two-step process; (i) with respect to a 741 
theoretical estimation of the mass losses related to Ca(OH)2 consumption and (ii) with respect to 742 
the net mass assigned to Ca(OH)2 mathematically elaborated from the experimentally recorded 743 
value. It was also reinforced via XRD mineralogical analysis, as well as semi-quantitative 744 
analysis. Therefore, given the elemental composition of the NMt dispersions, TGA and XRD 745 
can be adequately combined to assess the pozzolanic behaviour of LP/nC1 or LP/nC2 or 746 
LP/nC3 pastes. The criterion was lastly validated via XRD analyses of the Chapelle products.  747 
4. Conclusions 748 
All things considered, primarily the nature (inorganic or organomodified) of NMt and the 749 
different dispersing agents both affect the thermal characteristics of NMt dispersions. For the 750 
first time, it was demonstrated that non-thermally treated Mt, nanomodified with the help of 751 
dispersion agents, can be potentially implemented in cementitious binders as a low carbon 752 
footprint, nanosized supplementary cementitious nanomaterial. Furthermore, a method for 753 
assessing the pozzolanic reactivity was devised, which allows for sound conclusions to be 754 
made, while simultaneously the Chappelle method was applied for the first time in (non-755 
thermally treated) NMt dispersions. This research can provide a basis for the study of 756 
restoration pastes for superior properties. Therefore, the next generation of high performance 757 
materials produced via the manipulation of the size and distribution at the micro [47] and nano 758 
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level [48] is currently being studied and is expected to provide materials scientists and the 759 
engineering world with more sustainable options for the built environment. 760 
To sum up, this study has: 761 
 Devised a new criterion to assess the pozzolanic potential of NMt dispersions for use as 762 
supplementary cementitious materials through the study of NMt enhanced lime putty 763 
pastes. 764 
 Applied Chapelle tests to (non-thermally treated) NMt dispersions for the first time, and 765 
results correlated well with the new method developed. 766 
 Quantified the difference in pozzolanic reactivity of organomodified and inorganic NMt 767 
dispersions. 768 
 Provided knowledge of the NMt surfactant decomposition stages and nanostructure that 769 
is essential for the interpretation of TG analysis of NMt enhanced lime putty pastes. 770 
 Demonstrated that inorganic NMt dispersions exhibited rapid and pronounced 771 
pozzolanic activity signalling potential for advanced mechanical performance. 772 
 Created a route for use of inorganic NMt dispersions in the production of lower carbon 773 
footprint cement binders as well as lime mortars for conservation of historic 774 
monuments. 775 
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7. Appendix – Decomposition mass loss calculations 945 
8 days – experimental mass loss calculations 946 
The following can be noted with respect to the results presented in Table 5 [equation 1 – 947 
MCH calculation]. 948 
For the mass loss observed within 400-500oC for 50%LP+50%nC:  949 
MCH
nC1 = 13.97% – 9.48%x50% = 9.2% [9.48% corresponds to the mass loss of nC1 within 950 
400-500oC (Table 3)]. 951 
MCH
nC2 = 18.63% – 20.14%x50% = 8.6% [20.14% corresponds to the mass loss of nC2 within 952 
400-500oC (Table 3)]. 953 
It is interesting to note that: 10.53 + 13.97 = 24.5% ~ 50% x 44.8 % = 22.4% [precisely 50% 954 
nC1 decomposition mass loss (Table 3)] and 955 
7.35 + 18.63 = 25.98% ~ 50% x 46 % = 23% [precisely 50% nC2 decomposition mass loss 956 
(Table 3)] 957 
MCH
nC3 = 8.88% – 1.0%x50% = 8.4% [1.0% corresponds to the mass loss of nC3 within 400-958 
500oC (Table 4)]. 959 
For the mass loss observed within 400-500oC for 20%LP+80%nC:  960 
MCH
nC1 = 12.72% – 9.48%x80% = 5.14%, therefore significant reduction in Ca(OH)2 was 961 
achieved by 80% nC1. 962 
53 
 
MCH
nC2 = 16.11% – 20.14%x80% = 0.0%, therefore significant reduction in Ca(OH)2 was 963 
achieved by 80% nC2. 964 
MCH
nC3 = 3.6% – 1.0%x80% = 2.8%, therefore significant reduction of Ca(OH)2 was achieved 965 
by 80% nC3. 966 
Calculation of decomposition of calcium carbonate [equation 2 – MCC calculation] 967 
MCC = Mloss
600-800 – MNMt600-800 x (%NMt)       968 
For 50% nC1: MCC = 5.93% – 0x50% = 5.9% 969 
For 50% nC2: MCC = 4.19% – 0x50% = 4.2% 970 
For 50% nC3: MCC = 11.73% – 4.4x50% = 9.5% 971 
For 80% nC1: MCC = 11.3% – 0x80% = 11.3% 972 
For 80% nC2: MCC = 4.64% – 0x80% = 6.46% 973 
For 80% nC3: MCC = 9% – 4.4x80% = 5.5% 974 
Table Ap-1: Elaboration of experimental results at day 8 975 
 Experimental values 
Sample MCH 
(%) 
Eq1 
MCC 
(%) 
Eq2 
MMCH 
 
Eq3 
MMCC 
 
Eq4 
MMcarbCH 
 
 
MMtotCH 
 
Eq5 
50%LP+50%nC1 9.20 5.93 37.86 13.48 9.99 47.85 
50%LP+50%nC2 8.60 4.19 35.39 9.52 7.05 42.44 
50%LP+50%nC3 8.40 9.50 34.57 21.59 15.99 50.56 
20%LP+80%nC1 5.15 11.30 21.15 25.68 19.02 40.17 
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20%LP+80%nC2 0.00 6.46 0.00 14.77 10.94 10.94 
20%LP+80%nC3 2.80 5.50 11.52 12.50 9.26 20.78 
 976 
8 days – theoretical mass loss calculations 977 
Estimation of theoretical mass loss attributed to CH: 978 
Furthermore, theoretically, if nC1/2/3 and LP were not engaged in reactions, disregarding 979 
carbonation, according to the mass losses recorded in Table 2 to 5 between 400-500°C for:  980 
50% LP+50% nC1 the mass loss should have been 50%x20.20 + 50%x9.48 = 14.8% > 13.97 981 
50% LP+50% nC2 the mass loss should be 50%x20.20 + 50%x20.14 = 20.2% > 18.63 982 
50% LP+50% nC3 the mass loss should be 50%x20.20 +50%x(1)= 10.6% > 8.88 983 
20% LP+80% nC1 the mass loss should be 20%x20.20 + 80%x9.48 = 11.6% < 12.72 984 
20% LP+80% nC2 the mass loss should be 20%x20.20 + 80%x20.14 = 20.0% > 16.11 985 
20% LP+80% nC3 the mass loss should be 20%x20.20 + 80%x1 = 4.8% > 3.6 986 
 987 
Estimation of theoretical mass loss attributed to the decomposition of calcium carbonate 988 
[equation 2 – MCC calculation]: 989 
MCC = Mloss
600-800 – MNMt600-800 x (%NMt)       990 
For 50% nC3: MCC =3.52x50%  + 4.4x50% = 4% 991 
For 80% nC3: MCC = 3.52x20% + 4.4x80% = 4.2% 992 
  993 
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Table Ap-2: Elaboration of theoretical values at day 8 994 
 Theoretical values 
Sample MCH 
(%) 
Eq1 
MCC 
(%) 
Eq2 
MMCH 
 
Eq3 
MMCC 
 
Eq4 
MMcarbCH 
 
 
MMtotCH 
 
Eq5 
50%LP+50%nC1 14.80 0.00 60.91 0.00 0.00 60.91 
50%LP+50%nC2 20.20 0.00 83.13 0.00 0.00 83.13 
50%LP+50%nC3 10.60 4.00 43.62 9.10 6.70 50.32 
20%LP+80%nC1 11.60 0.00 47.74 0.00 0.00 47.74 
20%LP+80%nC2 20.00 0.00 82.30 0.00 0.00 82.30 
20%LP+80%nC3 4.80 4.20 19.75 9.50 7.00 26.75 
 995 
8 months – experimental mass loss calculations 996 
The following can be noted with respect to the results presented in Table 7 [equations 1 997 
and 2]. 998 
1: At 100% LP, the mass loss related to Ca(OH)2 was 21.24%, therefore for 50% LP it would be 999 
10.6% and for 20% LP, the mass loss would be 4.2%. 1000 
2: for the mass loss observed within 400-500oC: 12.47% – 9.48%x50% = 7.73% < 10.6%, 1001 
hence some reduction of Ca(OH)2 was achieved by 50% nC1. 1002 
3: for the mass loss observed within 400-500oC: 17.26% – 20.14%x50% = 7.19% < 10.6%, 1003 
therefore significant reduction of Ca(OH)2 was achieved by 50% nC2. 1004 
Moreover, it is interesting to add the two underlined mass losses: 1005 
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2A: 10.93 + 12.47 = 23.4% ~ 50% x 44.8 % = 22.4% (50% nC1 decomposition mass loss), 1006 
therefore, yielding absolute accuracy. 1007 
3A: 6.9 + 17.26 = 24.16% ~ 50% x 46.09 % = 23.5% (50% nC2 decomposition mass loss), 1008 
therefore, yielding absolute accuracy. 1009 
4: For the mass loss observed within 400-500oC: 9.23% – 1.0%x50% = 8.73% < 10.6%, 1010 
therefore significant reduction of Ca(OH)2 was achieved by 50% nC3. 1011 
5: For the mass loss observed within 400-500oC: 8.1% – 9.48%x80% = 0.52% <4.2%, therefore 1012 
almost elimination of Ca(OH)2 was achieved by 80% nC1. 1013 
6: For the mass loss observed within 400-500oC: 11.37% – 20.14%x80% = 0%< 4.2%, 1014 
therefore elimination of Ca(OH)2 was achieved by 80% nC2. 1015 
7: For the mass loss observed within 400-500oC: 1.42% – 1.0%x80% = 0.62% < 4.2%, 1016 
therefore almost elimination of Ca(OH)2 was achieved by 80% nC3. 1017 
 1018 
Calculation of decomposition of calcium carbonate [equation 2] 1019 
MCC = Mloss
600-800 – MNMt600-800 x (%NMt)       1020 
For 50% nC1: MCC = 5.57% – 0x50% = 5.6% 1021 
For 50% nC2: MCC = 3.4% – 0x50% = 3.4% 1022 
For 50% nC3: MCC = 2.94% – 4.4x50% = 0.7% 1023 
For 80% nC1: MCC = 5.5% – 0x80% = 5.5% 1024 
For 80% nC2: MCC = 4.93% – 0x80% = 4.9% 1025 
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For 80% nC3: MCC = 3% – 4.4x80% = 0.0% 1026 
Table Ap-3: Elaboration of experimental values at month 8 1027 
Experimental values 
Sample MCH 
Eq1 
MCC 
Eq2 
MMCH  
Eq3 
MMCC  
Eq4 
MMcarbCH 
 
MMtotCH 
Eq5 
50%LP+50%nC1 7.73 5.57 31.81 12.66 9.37 41.18 
50%LP+50%nC2 7.19 3.40 29.59 7.73 5.72 35.31 
50%LP+50%nC3 8.73 0.73 35.93 1.66 1.23 37.16 
20%LP+80%nC1 0.52 5.50 2.14 12.50 9.25 11.39 
20%LP+80%nC2 0.00 4.93 0.00 11.20 8.29 8.29 
20%LP+80%nC3 0.62 0.00 2.55 0.00 0.00 2.55 
 1028 
 1029 
8 months – theoretical mass loss calculations 1030 
Disregarding carbonation, theoretically, according to the mass losses recorded in Table 2 to 4 1031 
and  Table 7 between 400-500°C for:  1032 
50% LP+50% nC1 the mass loss should be 50%x(21.24) + 50%x9.48 = 15.4% > 12.47 1033 
50% LP+50% nC2 the mass loss should be 50%x21.24 + 50%x20.14 = 20.7% > 17.26 1034 
50% LP+50% nC3 the mass loss should be 50%x21.24 + 50%x1 = 11.1%             > 9.23 1035 
20% LP+80% nC1 the mass loss should be 20%x21.24 + 80%x9.48 = 11.8% > 8.10 1036 
20% LP+80% nC2 the mass loss should be 20%x21.24 + 80%x20.14 = 20.4% > 11.37 1037 
20% LP+80% nC3 the mass loss should be 20%x21.24 + 80%x1= 5.0%             > 1.4 1038 
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Estimation of theoretical mass loss attributed to the decomposition of calcium carbonate 1039 
[equation 2 – MCC calculation]: 1040 
MCC = Mloss
600-800 – MNMt600-800 x (%NMt)       1041 
For 50% nC3: MCC =3.52x50% + 4.4x50% = 4% 1042 
For 80% nC3: MCC = 3.52x20% + 4.4x80% = 4.2% 1043 
Table Ap-4: Elaboration of theoretical values at month 8 1044 
 Theoretical values 
Sample MCH 
(%) 
Eq1 
MCC 
(%) 
Eq2 
MMCH 
 
Eq3 
MMCC 
 
Eq4 
MMcarbCH 
 
 
MMtotCH 
 
Eq5 
50%LP+50%nC1 15.40 0.00 63.37 0.00 0.00 63.37 
50%LP+50%nC2 20.70 0.00 85.19 0.00 0.00 85.19 
50%LP+50%nC3 11.10 4.00 45.68 9.10 6.70 52.41 
20%LP+80%nC1 11.80 0.00 48.56 0.00 0.00 48.56 
20%LP+80%nC2 20.40 0.00 83.95 0.00 0.00 83.25 
20%LP+80%nC3 5.00 4.20 20.58 9.50 7.00 27.65 
 1045 
